At least 325 water-associated outbreaks of parasitic protozoan disease have been reported.
INTRODUCTION
Waterborne diseases occur worldwide, and outbreaks caused by the contamination of community water systems have the potential to cause disease in large numbers of consumers. Waterborne outbreaks have economic consequences beyond the cost of health care for affected patients, their families and contacts, and the economic costs of illness and disease, as they also create a lack of confidence in potable water quality and in the water industry in general.
In addition to outbreaks caused by contaminated potable water, there are outbreaks caused following the accidental ingestion of recreational (or other) waters.
National statistics on outbreaks linked to contaminated water have been available in the USA since 1920 (Craun 1986) , and since 1971, the Centers for Disease Control (CDC), the US Environmental Protection Agency (USEPA), and the Council of State and Territorial Epidemiologists have maintained a collaborative surveillance system for collecting data pertaining to the occurrence and causes of outbreaks of waterborne disease (Barwick et al. 2000; Lee et al. 2002) . In Europe during 1986 -96, 277 outbreaks associated with drinking and recreational water were reported from 16 European countries (Kramer et al. 2001) .
Interest in the contamination of drinking water by enteric pathogenic protozoa has increased considerably during the past three decades and a number of protozoan parasitic infections of humans are transmitted by the waterborne route doi: 10.2166/wh.2006.002 (Table 1 ). The species names lamblia, intestinalis and duodenalis have all been used to describe those Giardia parasites that infect humans. Although there is increasing agreement that the use of these species names causes confusion, there is no clear consensus as to which species name should be adopted to describe those Giardia that infect humans. We have chosen to use Giardia duodenalis (from the type species) to describe those Giardia that infect humans. In industrialized countries, Giardia duodenalis and Cryptosporidium spp. are of major concern as waterborne pathogens. (Table 1) and are insensitive to many disinfectants used in the water industry. The chlorine insensitivity of (oo)cysts has enhanced good operational practice in treatment works and distribution systems and has driven research into alternative technologies for (oo)cyst removal in the both the physical and chemical processes of water treatment (Smith & Grimason 2003) .
A variety of features, particularly the size of the transmissive stage (with the exception of Balantidium coli), their environmental abundance and robustness, augment the potential for waterborne transmission. More is known of the features of Cryptosporidium parvum and Giardia duodenalis (oo)cysts that enhance survival in the environment and facilitate waterborne transmission (Table 1 ) than the others listed in Table 2 , but many of these features are also applicable to the others identified. Cyclospora cayetanensis is a recently recognized waterborne parasite, which also has small oocysts (Table 1) that are environmentally robust, but no validated methods, currently used to assure the safety of drinking water supplies, are available for its detection (Herwaldt et al. 1997) .
Information on the waterborne transmission of Entamoeba histolytica, Blastocystis hominis, B. coli, Isospora belli, Toxoplasma gondii, the microsporidia, Naegleria, Acanthamoeba, Balamuthia, etc. is even scarcer. Tables   3-8. Table 3 documents waterborne giardiasis outbreaks worldwide and, for each outbreak, the parameters of time, place, estimated cases and suspected cause, as well as additional comments, are provided if available. Table 4 documents waterborne cryptosporidiosis outbreaks Contaminated community drinking water supply (infected beaver found above the drinking water intake. No change in drinking water source and no introduction of drinking water treatment of any kind after the first outbreak in the area) responsible for one outbreak associated with a swimming pool (Table 6 ) and an outbreak of B. hominis had unknown origin ( Table 6 ). The water -food connection became apparent for two of those outbreaks, as disease occurred following the consumption of fresh raspberries and vegetables contaminated by irrigation waters containing C. cayetanensis and I. belli oocysts, respectively (Table 6) .
METHOD
To date, no study has adequately estimated the proportion of foodborne diseases associated with contaminated water (Rose et al. 2001) .
Outbreaks associated with recreational water
Of the reported outbreaks of giardiasis and cryptosporidiosis, 13.6% (18) and 50.3% (83), respectively, were associated with contaminated recreational water ( associated with a contaminated swimming pool in the Czech Republic (Kadlec et al. 1980 ; Table 6 ). Acanthamoeba was the causative agent of an outbreak associated with a contaminated municipal water supply in the USA (Meier et al. 1998 ; Table 5) and has a marked seasonality (peaking in June and November) and may be affected by climatic conditions (Rose et al. 2001) .
Outbreaks associated with foreign travel
Pathogenic enteric protozoa are common causes of travel- in an attempt to determine the causes and sources of the outbreaks and to emphasize lessons that can be learned from 
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Most likely through contaminated public water supply (occasional detection of single oocyst numbers in water supplied from two water companies. No problems at the works identified) Acanthamoeba (Most likely through contamination of the municipal water supplies due to a regional flooding. Incidence of illness in the Iowa counties affected by the flooding was more than 10 times higher than in the unaffected counties. The presence of a humidifier in the home and having household water originated from a private well instead of the municipal water supply proved protective)
Meier et al. 1998
Aug-Sep 1993 Private school, Taichung City, Taiwan 730 students Entamoeba histolytica and Shigella sonnei (Sewage cross-contamination of the underground well water supply. Well located 10 metres away from the toilet and provided water to the school though a submersible pump. A 20-year-old water system. The pump's overflow pipes pierced the lining of the well below ground level through a hole, permitting seepage of ground water into the well. No cases among the teaching staff, who were provided with water from the city supply and not from the well)
Chen et al. 2001
Oct 1994 -Apr 1995 Victoria, British Columbia, Canada 2,894 -7,718 Toxoplasma gondii (Most likely through faecal contamination of a water reservoir by infected animals; possible treatment deficiencies. The largest documented toxoplasmosis outbreak and the first to be linked to municipal drinking water. Municipal water system with two disinfection plants, supplying unfiltered, chloraminated surface water. Use of a weak chemical for primary disinfection. The plant apparently associated with the outbreak distributed water from the relatively small Humpback reservoir. Short retention time in the intake reservoir. Two peaks in turbidity and faecal coliform counts in Humpback Reservoir water during December 1994 and March 1995, following periods of excess rainfall associated with runoff into the reservoir. Each peak preceded a peak in the epidemic curve. Cougars and domestic and feral cats present in the watershed, some of them Toxoplasma-positive) Jul -Aug 1994 Lake Nummy, New Jersey, USA 2,070 Cryptosporidium parvum (Contaminated shallow lake park. First cryptosporidiosis outbreak associated with recreational exposure to lake water. A backup of the septic-tank system due to a pump failure; large oocyst numbers possibly flushed into the lake by contaminated runoff of rainwater from the area that had been flooded by sewage from the septic-tank system. Use of the lake by bathers already suffering from diarrhoeal illness. High levels of faecal coliforms in the bathing area and in the adjacent canoe-docking area. Evidence of diaper-aged children repeatedly been in the water during the summer; rinse of soiled diapers in the swimming area; several faecal accidents in the water) Such guidance should also be effective at controlling the larger (oo)cysts of the enteric protozoan parasites listed in Table 1 .
Lessons learnt: The example of Cryptosporidium
Cryptosporidium poses the biggest threat to the water industry as, initially, many outbreaks were caused by this 'little known' parasite which penetrated multi-barrier water treatment systems that were thought to be effective in providing 'safe' drinking water (Smith & Rose 1990 .
The emergence of cryptosporidiosis challenged our knowledge of its occurrence, prevalence, epidemiology, treatment and transmission routes, and as a drinking water-related illness, challenged the adequacy of conventional water treatment processes. Concern about this organism was further heightened by the scant knowledge of its distribution and occurrence in the environment and the absence of a simple and reliable means of detecting the organism in water (Anon 1990; Smith & Lloyd 1997) .
Occurrence in humans
The 1990, 1995, 1999 ). Yet, for many of the pathogenic protozoa listed in Table 1 and the (oo)cysts of the majority of waterborne parasitic protozoa are similar to, or larger than those of Giardia and
Cryptosporidium (Table 1) . We anticipate that current methods should prove useful for entrapping the (oo)cysts of the waterborne parasitic protozoa listed in Table 1, possibly with the exception of the microsporidia. Their identification in water concentrates presents issues similar to those encountered with Giardia and Cryptosporidium (oo)cysts prior to the development of fluorescein isothiocyanate (FITC)-labelled genus specific monoclonal antibodies (FITC-mAbs) for their detection (Smith 1996) , but the use of quality controlled, validated, PCR-based tools should overcome many of the problems associated with the lack of diagnostic FITC-mAbs.
Although widely used worldwide, current methods for the isolation and enumeration of Giardia and Cryptosporidium Furthermore, current methods do not provide information on the infectivity, pathogenicity and virulence of the organisms detected, nor can they determine the source from which the organism is derived. This presents a major challenge for the future monitoring of waterborne parasites in drinking water supplies.
Removal/destruction in water treatment
Given the common occurrence of Cryptosporidium spp.
oocysts in source waters (Gold & Smith 2002) , its ability to survive in cold aquatic environments, its low infectious dose, and the disinfection resistance of oocysts, optimization of multi-barrier approaches, including appropriate chemical pretreatment, 'best operational practice', and frequent, routine monitoring of filtration performance offer the best options for its control in water treatment systems (Smith & Lloyd 1997; Craun et al. 1998; Smith & Grimason 2003) . Reductions of between 1.25 and 2.45 log 10 oocysts can be achieved in optimally run conventional water treatment systems (Smith & Grimason 2003) .
Similarly, those disinfectants, such as ultraviolet irradiation and ozone (Wallis & Campbell 2002) , that are effective in inactivating waterborne Cryptosporidium and Giardia (oo)cysts are expected to prove useful for other waterborne protozoa (Smith & Grimason 2003) .
The European perspective
Water shortage is an urgent public health problem currently facing some mainland European countries, particularly those in southern and eastern Europe (WHO 2002) .
Ongoing demographic changes can affect both water quality and demand through increased agricultural, industrial and domestic use, while unplanned urbanization leads to overexploitation of local water resources and threatens the quality of local water bodies through release of inadequately treated wastewater (WHO 2002) . Effective wastewater treatment safeguards public health against infections.
Partnerships and co-operation between European countries are needed, at all levels, to provide financial and institutional support for improved wastewater disposal and better management and protection of water resources.
Enteric protozoan pathogens of humans have increased in importance in Europe, particularly since their association with waterborne transmission. In the UK, cryptosporidiosis is the most common cause of outbreaks linked to mains water supply (Hunter 2000) . Based on the likelihood of waterborne Cryptosporidium contamination from the catchment following risk assessment, the UK Government introduced legislation that requires water providers to implement continuous monitoring for Cryptosporidium (Barrell et al. 2000) . In England and Wales, a continuing risk of cryptosporidiosis from treated water supplies has been confirmed, reinforcing government advice to water utilities for optimizing particle removal (Furtado et al. 1998) .
Such advice has reduced Cryptosporidium contamination of UK drinking water (Drury 2004) .
Mainland Europe
Giardia and Cryptosporidium (oo)cysts have been detected in selected German surface and drinking waters (Gornik & Exner 1991; Karanis et al. 1998) . Limited data are available regarding the occurrence and distribution of pathogenic protozoa in water in southern and eastern European countries. In Greece, Giardia and Cryptosporidium were detected in surface water reservoirs, swimming pools and drinking water samples (Karanis et al. 2001 (Karanis et al. , 2002 . In Russia, monitoring of treated water for the presence of Giardia cysts, prior to it entering the distribution system, has been required for all water treatment plants using surface waters since 1997. Treated wastewater analyses showed that contamination of surface waters with Giardia cysts mainly results from secondary wastewater discharges in the Moscow Region (Larin & Kashkarova 2002) . 
